The patterned titania gel film fabricated by UV-irradiation through a mask and leaching was anodized by direct current electrolysis or pulse electrolysis. The patterning prepared through the two electrolyses was quite contrasted in that masking part and unmasking part was anodized in direct electrolysis and in pulse electrolysis, respectively. In addition, the oxide film thickness obtained using pulse electrolysis was thinner than that using direct current electrolysis. Thus, a combination of the photopatterning and pulse electrolysis made it possible to fabricate hydroxyapatite (HAp)-fixed and thinner titanium oxide film with fine pattern on titanium plate.
Introduction
At present, bone substitution with artificial materials such as metals and ceramics as well as autologous and allogenic bone graft have been implemented for repair of bone defect caused by illness and accident. 1) Among them, titanium metal has attracted great attention due to both high corrosion resistance and mechanical strength, but it has the drawback of bioinertness. 2, 3) To overcome the problem, surface modification has been extensively investigated physically, chemically or electrochemically. [4] [5] [6] It has been also reported that the presence of the pore sizes between 50-400 mm on the surface is critical for bone ingrowth. 7) Furthermore, it has been revealed by us and others that much smaller pores (1$2 mm) formed by anodic oxidation were also effective for bone conductivity. 8, 9) As excellent surface modification, N. Noma et al. reported the fine patterning by use of the photosensitive TiO 2 gel film. 10) In search for effective surface modification, we have already reported micrometer-scale patterning of micro-arc oxidized titanium film using photoirradiating in a preliminary form, 11) and have also demonstrated HAp-incorporation into the surface of TiO 2 oxide by anodic oxidation in HAp-containing electrolyte, which functions well to induce new bone formation. 12) In this study, we wish to report fabrication of HAp-loaded titanium oxide layer with fine pattern by a combination of photopatterning and anodic oxidation. In the anodic oxidation, micro-arc oxidation was conducted under direct current electrolysis or pulse electrolysis.
Materials and Methods

Pattern formation
Titanium plate was immersed for 10 min in 40 ml of chemical polishing agent, NEPLOS # 601 (YOKOHAMA NEPLOS Co., Ltd.), to be polished to Ra ¼ 0:66 mm.
Titanium tetrabutoxide monomer (7 mmol) was added to a mixture of benzoyl acetone (7 mmol), 2-aminoethanol (7 mmol) and ethanol (218 mmol) and the mixture was stirred at room temperature for 2 h in a glovebox under low humidity. To the mixture, deionized water (28 mmol) and ethanol (62 mmol) were added and stirred for 2 h. The resulting solution was used for coating of titanium plate polished as above. After titanium plate (30 mm Â 20 mm Â 0:4 t mm, Showa, Co., Ltd.) was dip-coated using the coating solution, it was dried at 100 C for 10 min. The titania gel film thus obtained was masked by use of striped mask (masking part: width of 200 mm, unmasking part: width of 200 mm) or latticed mask (lattice masking part: width of 50 mm, unmasking part: square of 170 mm Â 170 mm), and was UV-irradiated for 30 min using SPOT CURE MODEL UIS-25102 (USHIO, Japan). The titania gel film was immersed for 20 s in ethanol to remove off the unirradiated part, providing patterning titania gel film on titanium plate (Pat-TiO 2 /Ti).
Anodic oxidation of the patterned titania gel film
A solution composed of 0.5 mol/L NaOH-0.05 mol/L H 2 O 2 -0.05 mol/L Na 3 PO 4 or a solution, into which HAp (Eccera Co., Ltd.) of 5 g/L was further added, was used as the electrolyte of anodic oxidation of Pat-TiO 2 /Ti. The counter electrode was titanium plate placed at the distance of 4.0 cm away from the anode. The direct current electrolysis was conducted at the constant current density of 0.5 kA/m 2 during 10 min in the electrolyte without or with HAp, giving direct current-anodized patterning titania gel film on titanium plate (DC-AO-(Pat-TiO 2 /Ti) or HAp-DC-AO-(Pat-TiO 2 / Ti)). The pulse electrolysis was conducted at the constant current density of 0 AE 3 kA/m 2 up to the voltage of 200 V over 5 min using square wave with frequency of 100 Hz, providing pulse-anodized patterning titania gel film/titanium plate (Pulse-AO-(Pat-TiO 2 /Ti)). The same electrolysis as above in the HAp-containing electrolyte led to pulseanodized patterning titania gel film loaded by HAp on titanium plate (HAp-Pulse-AO-(Pat-TiO 2 /Ti)).
Surface characterization
The surfaces of Pat-TiO 2 /Ti, DC-AO-(Pat-TiO 2 /Ti), Pulse-AO-(Pat-TiO 2 /Ti) and HAp-Pulse-AO-(Pat-TiO 2 /Ti) were analyzed by scanning electron microscopy (SEM) (Type-NS-3000, Hitachi, Japan). By use of laser microscope (VHX-100, Keyence), the surface photographs of PatTiO 2 /Ti, DC-AO-(Pat-TiO 2 /Ti), Pulse-AO-(Pat-TiO 2 /Ti) and HAp-Pulse-AO-(Pat-TiO 2 /Ti) were taken and the height differences on the patterned surfaces were measured.
Results and Discussion
Fabrication of DC-AO-(Pat-TiO 2 /Ti)
After 18 times dip-coating followed by masking with striped mask, Pat-TiO 2 /Ti was obtained by UV-irradiation and successive leaching in ethanol. In Fig. 1 , SEM micrograph and EDX area images of the Pat-TiO 2 /Ti are presented, indicating that the same stripe as striped mask is formed and dark stripe of SEM micrograph is consistent with bright one of carbon of EDX area image. This result indicated that the dark stripe was corresponding to titania gel film because the carbon is derived from benzoyl acetone coordinating to Ti atom. Furthermore, as shown in Fig. 2 , it was found that the remaining titania gel film (B part) had a thickness of 3.5 mm at least and was steeply raised up from masked A part. Figure 3 shows surface structure of DC-AO-(Pat-TiO 2 /Ti) obtained by direct current electrolysis of Pat-TiO 2 /Ti. From 2D microscopic image in Fig. 3(a) , it was confirmed that stripe with 200 mm spacing is maintained. SEM micrograph (Figs. 3(b) , (c)) exhibits that A part has uneven structure and many small pores characteristic of micro-arc oxidation, while the surface of B part is very smooth. This result that the remaining titania gel film (A part) was not anodized but titanium part (B part) was anodized is consistent with our finding that the titanium plate part masked by insulting tape was not subject to anodic oxidation. 13 ) Also, as shown in Fig. 3(d) , the difference in level between anodized titanium film (B) and titania gel film (A) was 7 mm, making the oxide film thickness of about 10 mm. However, in a direct current oxidation of Pat-TiO 2 /Ti using striped mask with width below 100 mm or in the electrolyte containing HAp, anodic oxidation was spread all over the surface and could not lead to formation of patterned surface. As shown in Fig. 4(b) , pulse electrolysis of the Pat-TiO 2 / Ti afforded Pulse-AO-(Pat-TiO 2 /Ti) composed of titania gel film (A part) and latticed part (B part) where the A part and B part became rather smaller and larger, respectively, compared to Pat-TiO 2 /Ti. This may be explained by the observation that A part was gently raised up to 2 mm from B part as exhibited by Fig. 4(c) . As demonstrated by SEM micrograph of A part in Fig. 4(d) , A part was anodized with formation of many small pores of $1 mm characteristic of spark discharge, whereas B part remained smooth interference film. This result that the titania gel film (A part) was anodized by pulse electrolysis is in a sharp contrast with the result that titanium part rather than titania gel film part was anodized by direct current electrolysis. In addition, the thickness of the oxide film formed by pulse electrolysis was thinner than that by direct current electrolysis; we have already reported that the thinner oxide layer is favorable to improvement of bone-bonding strength.
Fabrication of Pulse-AO-(Pat-TiO
8) The success of fine patterning may be also explained by our finding that in pulse electrolysis, the dielectric breakdown occurred uniformly all over the surface and the fine spark discharge was generated. Furthermore, pulse electrolysis in the electrolyte containing HAp led to fabrication of HAp-Pulse-AO-(PatTiO 2 /Ti). In Fig. 5 , SEM micrograph and EDX area images These surface modifications will make it easy for osteoblast (20-30 mm size) and the related proteins to invade into the material surface and provide a scaffold for new bone formation. Figure 6 presents a schematic flow for fabrication of DC-AO-(Pat-TiO 2 /Ti) and Pulse-AO-(Pat-TiO 2 /Ti) which is anodized on the masking part and the unmasking part, respectively. Although there are not clear reasons why the micro-arc oxidations by direct current electrolysis and pulse electrolysis occur on the different sites, we consider a plausible mechanism as follows: One spark discharge in direct current electrolysis has higher energy with larger spark, compared to that in pulse electrolysis. The high energy anodizes titanium surface (masking part) at first and forms the thick oxide film. On the other hand, in pulse electrolysis, the oxide film can not be produced but interference film is formed on the titanium through spark discharge with fine spark and low energy. Dielectric breakdown characteristic of micro-arc oxidation takes place at unmasked part with titania gel film and forms the thin oxide film.
Conclusion
(1) In contrast, the masking part and the unmasking part were anodized in direct electrolysis and in pulse electrolysis, respectively. (2) A combination of photopatterning and pulse electrolysis produced HAp-fixed and thinner titanium oxide film with fine pattern, which provide potentially new type of artificial bone.
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